FEATURE ARTICLE

Determining the Role of Hydration Forces in Protein Folding

Jon M. Sorenson
Department of Chemistry, Usrsity of California, Berkeley, Berkeley, California 94720

Greg Hura

Graduate Group in Biophysics, Urersity of California, Berkeley and Life Sciencesidion,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Alan K. Soper
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, U.K.

Alexander Pertsemlidis
Department of Biochemistry, Urmrsity of Texas Southwestern Medical Center, Dallas, Texas 75235-9038

Teresa Head-Gordon*

Life Sciences Dision & Physical Biosciences bision, Lawrence Berkeley, National Laboratory,
Berkeley, California 94720

Receied: February 5, 1999; In Final Form: April 19, 1999

This article describes a combined experimental, theoretical, and computational effort to show how the
complexity of aqueous hydration can influence the structure, folding and aggregation, and stability of model
protein systems. The unification of the theoretical and experimental work is the development or discovery of
effective amino acid interactions that implicitly include the effects of aqueous solvent. We show that
consideration of the full range of complexity of aqueous hydration forces such as many-body effects, long-
ranged character of aqueous solvation, and the assumptions made about the degree of protein hydrophobicity
can directly impact the observed structure, folding, and stability of model protein systems.

Introduction gap separating the native state from the nearest, structurally
dissimilar non-native state. Given the growing consensus on
the validity of energy landscape models, more recent work has
focused on experimental confirmation of predictions made about
folding intermediatesand should in the future include a better

One of the primary issues in protein folding is determining
what forces drive folding and eventually stabilize the native
state! A delicate balance exists between electrostatic forces such
:?fer(]:)t/,dr\?v%?cnh bg;dlg?ezggt sfaoI: %rg,:ﬁeisr’ltg;gofggurzdrgr%kt]gi?:cund_erstanding as to what are the specifics for shaping a good
interactions and intermolecular contributions with the surround- folding free energy landscape.
ing aqueous environment. An additional layer of complexity ~ There have been many suggestions for the protein folding
arises from how these forces are modulated by the varied mechanism and intermediates from both experiment and theory
chemical properties of the individual amino acids, whose local that attempt to define specific attributes such as explicit sequence
conformations and energetics are influenced by the intrinsic biochemistry as well as primary physical force€s3? The
secondary structure propensities and/or the primary sequencdramework modet’ for example, emphasizes the biochemical
context within which the residues reside. aspects of the sequence and the secondary structure propensities

Energy landscape models have defined a “new” view of Of amino acids as contributing to the earliest biases in the protein
protein folding for explaining the kinetics and thermodynamics folding pathway, and the conformational search space is then
of folding.2-5 This recent theoretical work in protein folding narrowed to efficiently find the native structure. The framework
has suggested a free energy surface that is funnel-like in shapemodel is motivated by the experimental observation of early-
i.e., as folding progresses, the energy decreases faster than théormed secondary structure in trapped kinetic intermediates of
entropy as measured by the reduction in the number of statesfibonuclease A and cytochron@found by hydrogen-exchange
The folding surface is also characterized by a significant energy labeling and proton NMR®~17 On the other extreme, models
that reduce amino acid individuality into hydrophobic and polar
*To whom correspondence should be addressed. “flavors” place more emphasis on physical forces such as the
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hydrophobic effect or hydrogen bonding. For example, one solute-solute correlations, their length scales, and thermody-
physical-based model describes the earliest folding events asnamic consequences, even at dilute concentrafibns.

being dominated by the thermodynamics associated with  Solution scattering experiments and simulations can also be
hydrophobic interactions, biases that result in a collapse of the used to probe solvation for more concentrated agueous solutions
polypeptide chain to a compact st&t®ome folding experiments  of hydrophobic solutes and suggest a model of later protein
have determined the “collapse” mechanism to be operative for folding events when significant spatial domains of the protein
small proteins, while the framework model is most consistent comprise a hydrophobic core. We describe preliminary X-ray
for larger proteing425 solution scattering results on the behavior of the hydrophobic

The complexity of the protein folding problem has led to amino acidN-acetyl-leucine-methylamide (NALMA) in water
consideration of simplified representations that might serve as@s the concentration of the amino acid incred8eQur
reduced models of the protein folding process. There has beerexperimental and simulation results suggest that later protein
considerable research devoted to understanding exclusivelyfolding events would involve both monodispersed amino acids
hydrophobic phenome#%23 and electrostatic contributioR2” and the formation of small clusters (between two and six) of
and the consequences each has on protein folding and stabilityhydrophobic residues. The experimental data over the full range
Much work has been devoted to understanding the formation Of concentration, interpreted by molecular dynamics simulation
of secondary structure eleme#ts2 such as turns, helices, and of the same X-ray experiments, appear to be inconsistent with
sheets for small peptides and has been very instructive inthe hydrophobic solutes segregating themselves completely from
indicating under what conditions secondary structures of small the agueous solvent to form a large hydrophobic cluster.
peptide fragments can serve as folding initiates.

Our group’s effort over the past several years has been
directed toward a model systems approach for characterizing
hydration forces between amino acid solutes that are relevant Nearly all lattice and many off-lattice studies designed to
in the context of protein folding>—3° We have used both investigate protein folding do not include explicit resiehveater
theoretical and experimental approaches: molecular dynamicsand waterwater interactions, and any implicit hydration
simulations?335-38 neutron and X-ray solution scattering contained in typical lattice model parameters ignores two
experiments*38 and protein folding model¥ The unification prominent features of hydration forces: their many-body nature
of the theoretical and experimental work is the development or and their potentially long-range effects. One aim of our recent
discovery of potentials of mean force between amino acids thatwork has been to examine the effect of adding a simple
implicitly include different aspects of aqueous hydration forces, multibody potential on the conclusions drawn previously from
such as many-body effects or more long-ranged character ofstudies of lattice models with pairwise-additive energfes.
aqueous solvation. For our lattice studies we simulated 36 residue chains as self-

The theore“cal Conclusions made from energy |andscape aV0|d|ng Wa||(S ona CUbIC Iattlce W|th eaCh I’ESIdue represented
views are largely based on highly idealized lattice models of by @& single interaction site. Details of the lattice model
proteins that have no atomic detail and use very nonspecific Simulation protocol are discussed elsewlréhe energy for
descriptions of residueresidue interaction-42 We have a typical lattice folding study involves an energy function of
attempted to place more physical emphasis on how residuethe form
interactions would give rise to a funneled landscape by
investigating the effect of adding features of hydration forces
to simple protein folding lattice mode?8.This protein folding E= ZBiinj 1)
study investigated the effect of adding a multibody description
of hydration to a simple two-flavor lattice protein mod&l. ] ) o
Sequences in the hydrated model were more frequently foundWhere the double sum is over theresidues of the chair; is
to have unique ground states, to fold faster, and to fold with the contact energy between residuesndj, and A; is 1 if
more cooperativity than sequences in the corresponding modell€Siduesi andj are nearest neighbors and not contiguous on
without solvation terms. Our results indicate that the introduction the chain, and 0 otherwise. A solvation model for lattice folding
of physically motivated solvation terms can improve the poor Studies was designed that captures several aspects of hydra-
performance of two-flavor lattice models, since the multibodied tion: different free energies of solvation for hydrophobic and
nature of hydration mimics amino acid diversity, which in turn  Polar residues, multibody effects, and long-range effects. We

gives rise to a more cooperative folding transitin. accomplish this by redefining the contact energy matrix elements

The demonstration that model hydration forces can alter the to be

kinetics and/or thermodynamics of protein folding models " ]

provides important interplay to our solution scattering experi- By =(1— )“ij)Bij + ;{ij Bj 2)
ments and simulations that attempt to determine hydration forces

from simulation and experiment. We describe our studies of whereBj represents the contact energy matrix element for the
hydration forces for dilute concentrations of amino acids, with nfolded chaianj is the contact energy matrix element for the
characterization of the corresponding changes in water structurefo|ded chain, and; is a bond solvation parameter representing
and illustrate this for solutions of a common hydrophObIC amino the degree of solvation of thﬁh contact. Our current Study is
acid, N-acetyl-leucine-amide (NALAJ*~%" These solution scat- 3 two-flavor model in which the type of each residue is restricted

tering studies constitute a model of the solvation structure and tg pe either hydrophobic (H) or polar (P). For the unfolded chain
free energy of amino acid association during early protein contact energy matrix we chose

folding events. By combining information from solution scat-

tering experiments with molecular dynamics simulation, we H P

demonstrate that important information in the small-angle BY = H(—l 0) 3)
scattering region of these experiments can be mined to resolve P\ 01

Hydration Forces as Biases in Protein Folding Free
Energy Landscapes
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and for the folded matrix

Multiflavor Model 2

J. Phys. Chem. B

TABLE 1: Representation of the Solvation Model as a

H '1 'fl’ HO  H1 H2  H3 PO P1 P2
B = P( 1 —1) (4) HO -1 -1 -1 -1 0 025 050
H1 -1 -1 -1 -1 0.167 0.417 0.667
The form of the unfolded matrix is motivated by our own :g :1 :1 :i :i 8'233 8‘??3 3'833
experimental and simulation wofk; 3" described in the next pg 0.167 0333 050 1 050 00
sections, which has been focused on probing the length scalesp1 0.25 0.417 0583 0.75 0.50 0 -0.50
over which hydrophobic amino acids are attracted to each otherP2 050 0.667 0.833 1 0 -050 -1

in water and whether interactions between hydrophilic amino

aThe number after the residue type is the solvation stafeq 7).

acids in water are rgpulsivg. The foldeq matrix in eq 4 is similar Flavors H4, H5, P3, P4, and P5 are not shown because by eq 6 they
to a form studied in previous theoretidat* design?>4¢ and are equivalent to flavors with lower solvation states. HO and PO do not
simulatiorf”48 studies but differs from this previous work in  actually occur in simulation because energies are only present between
that the average interaction energy is more repulsive. As aresidues in contact, and the presence of a single contact would
comparison, we also performed simulations in the nonsolvation "ecessarily raise the solvation state above zero.
model using the folding matrix alone, i.e., wiBy = ij ineq
2.

We let the energy of contacts interpolate between a matrix

TABLE 2: Properties of the Foldable Sequences Studied
with the Solvation and Nonsolvation Model§?2

. : solvation nonsolvation
of unfolded contact energies and a matrix of folded contact . .
: ; N B ; N MFPT MFPT
energies, with 0= 4; < 1. The mterpqlaﬂon parametetu, sequence Emn  x 10 T, TiT, Emn  x 106 T, TIT,
represents the degree to which a particular contact is solvated 35.17 52(8) 058 L15-36.00 6.28) 048 087
and has the following form: 3 —3450 13(2) 057 1.09-34.00 6.9(6) 0.34 0.67
R 6 —36.00 1.0(1) 0.64 1.30—36.00 1.0(3) 0.50 0.99
1. = i j (5) 20 —36.50 0.9(2) 0.64 1.23—36.00
ij 2 26 —35.92 0.5(1) 0.64 1.30—36.00
29 —35.83 1.0(1) 0.54 1.02—-36.00 1.2(2) 0.40 0.79
sl ; ; : 30 —36.00 1.5(4) 0.55 1.00—36.00
where the individual monomer solvation paraméies defined 35 3517 1.9(3) 056 105-36.00

as
2 The uncertainty in the last digit is given in parenthe&s, is the

A=s /SO 5 /910 <1 native state energywrer is the mean first-passage tinig,is the kinetic
! glass temperaturdys is the folding temperature found from the tangent
=1 otherwise (6) construction with the density of stat&sAll quantites in reduced

units.

s is a measure of the solvent-accessible surface area of monomer . ) )
i, Table 2 compares various folding properties of these se-
guences and properties of their native structures for the sol-
vation and nonsolvation models. The folding kinetics were
explored for each sequence by varying the temperature and
collecting statistics on mean first-passage times for folding to
a collapsed statex36 contacts), folding to a compact state (40
ands’ is a measure of the optimal solvation state for residue  contacts), and folding to the native state. If in a particular run
We choses0 = 2 for polar residues ami? = 3 for hydrophobic a sequence was found not to fold within the maximum
residues to represent the tendency for hydrophobic residues tasimulation time of 18 steps, we averaged the maximum time
bury themselves in the protein interior, away from solvent. into the meart® As such, the reported times are all lower bounds
Using standard sequence design metii8d3we found eight to the true mean first-passage times. Each sequence folds faster
foldable sequences for study with the solvation model. To under the solvation model, although the extent of this varies
validate studying the same sequence in both the solvation and(Table 2).
nonsolvation models, we verified that the sequences studied with  We note that there are several possible definitions of the
and without solvation were optimally designed sequences. Fourfolding temperaturel;. We prefer a definition of the folding
of the eight sequences were found to have degenerate groundemperature in which the free energy of the native state is equal
states without solvation and consequently could not be usedto the free energy minimum of the unfolded states$? The
for nonsolvation folding studies. That only four of the eight histogram Monte Carlo methétP* allows us to determind;
foldable sequences had nondegenerate native states in thén this way, or equivalently, by a tangent construction using
nonsolvation model indicates that incorporation of multibody the density of stateQ(E).5! The accuracy of the calculat€2(E)
solvation lifts the degeneracy that has been observed for two-was confirmed by calculating curves f&rvs T andC, vs T
flavor lattice model$?%9This observation is not surprising when —and comparing these curves to that found by simple averaging
we recast our model as a multiflavor model, since multiflavor from Monte Carlo simulations at various temperatures (Figure
models in general have more sequences with nondegeneratd). Table 2 shows that the folding temperature is consistently
ground state4-%°Table 1 shows the contact energies when the higher for the sequences under the solvation model than with
solvation model is reformulated as a multiflavor model. The the nonsolvation model.
difference between our solvation model and a true multiflavor ~ We define the glass transition temperatuiig, as the
model is that the flavors of each monomer in our model are temperature at which the folding time is halfway between the
environment-dependent and are able to change over the coursenaximum simulation timermax, and the fastest folding time
of the simulation. In essence, the protein sequence is given someor that sequenct® Good folding sequences should have folding
freedom to redesign itself as it folds. temperatures above the glass temperattire.

§S= zAij (7)

J
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Figure 1. Heat capacity €,) vs temperature for sequence 6 in the
solvation (solid line) and nonsolvation models (dashed line). The curves
were generated with the histogram Monte Carlo method; the points
are taken from Monte Carlo simulations at those temperatures.

Figure 3. Free energy vs energy for sequence 6 in the solvation model
and nonsolvation modelT = 0.636, solvation model (solid line}; =
0.636, nonsolvation model (dashed lin€)= 0.487, solvation model
(dotted line); T = 0.487, nonsolvation model (dottedashed line).

The scale for the free energies is a relative scale; for comparison, the
curves shown here were offset to make-5) = 0.

much less bias pulling the center of the funnel down, and there
is a multitude of competing collapsed states with very similar
free energies. From Figure 1 we can see that the heat capacity

. i . curve is much sharper and more peaked for the solvation model,
Figure 2. Free energy vs entropy for sequence 6 in the solvation (left)

and nonsolvation models (right) BT; = 0.78 The depth of the funnel charaf:terlstlc of amore flrst-order-ll_ke transition. _
corresponds to the free energy, and the radial coordinate is the entropy. While the folding of sequence 6 in the solvation model is
more cooperative, the sequence folds at comparable speeds in

Of particular interest for comparing minimalist protein folding  both models. The origin of the observed kinetics becomes clearer
models with experiment is the ratio of the folding temperature when we examine the free energy of folding versus enét(f),
to the glass transition temperatui@/T,.> This ratio gives a  at the temperatures where the free energy of the folded state
simple characterization of the steepness of the protein folding equals that of the minimum free energy of the unfolded states
funnel for theoretical and real proteins. It has been found that (Figure 3). The curves in Figure 3 for the nonsolvation model
Ti/Tg can be as high as 1.3 for two-flavor models, while the barely exhibit two minima, a prerequisite for two-state kinetics,

ratio for a real protein is predicted to be approximately2®.  while the solvation model curves exhibit features that support
Lattice models with more flavors ha\(e been found to have a good two-state kinetics. However, the rougher free energy curve
T[T ratio closer to that for real proteif3>’ in the solvation model works against this sequence, with many

All eight sequences in the solvation model are good folders stable traps in the region of the transition ensemble that hamper
based on theTi/Ty ratio, while the four sequences in the fast folding (Figure 2). The slow steps of folding are searching
nonsolvation model are bad folders using this criteria. We note through the plateau of partially collapsed states just above the
that theT/Tq ratios for our solvation model, while much better native state in free energy, an entropic bottleneck in the energy
than for the nonsolvation model, are not exceptional in an |andscape that has been described as a champagne glass
absolute sense. One possible reason is that we did not optimizqandscapé,
the matrices of interactions (eqs 3 and 4), and we would

anticipate better optimized interactions to produce better ratios. | There a Causal Effect between Hydration Forces and

SecondTy has some dependence on the definitiom:@f, which Altered Water Structure?
is 1P steps in our study. This is especially a concern for
calculatingTy for the slower folding sequences in the nonsol- Long-ranged hydration forces betwemacroscopic surfaces

vation model, and even the folding times of our fastest sequencesare well-established in the literatf&®” For these extended
are only an order of magnitude less thany The extent of the surfaces, the measured forces are far greater than those based
problem was tested for sequence 6 by running simulations aton electrostatic interactions, steric repulsion, and van der Waals
low temperatures formax = 1019 steps; the resulting prediction  forces, with measurable effects often extending to distances
for the kinetic Ty was shifted to lower temperature byl0% greater than 10 R%-62 However, various types of collective
and therefore increased olif Ty ratios by about 10%. Nonethe-  processes likely underlie the long-ranged interactions for
less, the highefli/Ty ratio for sequences under the solvation extended surfacé$;58 such as a dewetting transitiéh?! that
model show that the addition of solvation has shaped a betterwould likely not apply to single amino acid solutes or finite
folding free energy surface. length polypeptide chains in water. What is applicable to smaller
These combined results indicate that the addition of solvation solutes, or atomistic views of polypeptide chains, is that
terms to a two-flavor model changes the underlying free energy hydration waters near hydrophobic groups are more ordered than
landscape, as shown in Figure 2. MT; = 0.78, the native bulk water. One hypothesis we have explored is that alterations
state of sequence 6 is favorable enough to create a markedn water structure around amino acids give rise to hydration
depression at the center of the funnel for the solvation model. forces that correlate amino acids over longer length scales than,
At the corresponding temperature for the same sequence in thefor example, simply minimizing hydrophobic solvent-accessible
nonsolvation model the native state is not as stable; i.e., we seesurface area would predict. Such hydration forces might have
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an important influence on the protein folding pathway that a
given polypeptide sequence would take, since we expect that
variations in the solvation properties among different amino
acids will be significan#3-35-37

If the water of hydration were to adopt a sufficiently large
modification in structure relative to that of bulk water, it should
result in a measurable difference of the wide angle scattering
pattern in the region of the so-called “water ring”, i.e., the main
diffraction peak aQ = 2.0 A~ for water at room temperature.
That the peak position of the first diffraction maximum is
sensitive to water structure is well demonstrated by the fact that
the peak shifts monotonically to lowé) as the temperature

decreases, a trend that becomes even more pronounced in

supercooled waté® ! Reducing the temperature leads to
reduced distortion of hydrogen bonds and creation of an
expanded configuration of molecules within the liquid structure,
thereby causing a shift of the main peak to smaller angles, or
larger effective Bragg spacings. We have reported our observa-
tion of a shift in the main diffraction peak for aqueous solutions
of molecules with hydrophobic, but not hydrophilic, side chains,
using neutron solution scattering experiments and molecular
dynamics simulation*35

Neutron scattering experiments using both reactor (HFBR)
and spallation (ISIS) sources were conducted on solutions of
N-acetyl+-amino acid-amide samples prepared as 1.0 mL of
D.O added to 0.5 mmol dry reagett3® “Matched” solvent
samples were prepared by the addition of sufficiep©OHo
imitate the hydrogendeuterium exchange that occurs between
the solute and the solvefft3>Owing to the greate® range of
data collected at the ISIS spallation source (0.3 A Q <
~30.0 A1), it is possible to put all measurements on an absolute
scale3>72 An excess scattering intensityces(Q), whereQ is
the momentum transfe@ = 4x sin(@/2)/A, was obtained by
taking the difference between the scattering intensity measured
for the solution and that measured for the matched solvent. The
scattering measured for the matched solvent was scaldd by
the estimated number of water molecules per unit volume of a
given solution divided by the number of water molecules per
unit volume of pure water.

IexceséQ) = Isolutior{Q) - klpure Wate(Q) (8)

Figure 4a portrays the HFBR and ISIS experimental excess
scattering curves for the representative hydrophobic residue,
NALA. 3435 Together, the two experiments provide important
confirmation that the effect seen for leucine is independent of
the experimental setup. Figure 4b shows the HFBR excess
scattering data for NALA and the hydrophilic amino acid,
N-acetyl-glutamine-amide (NAQA), as well as the same simu-
lated quantities for these same two amino acids (discussed
further below). The concentration of NALA is 0.5 M (e¥l
solute molecule per 100 waters), and the concentration of NAQA
is 0.26 M; the NAQA curve was scaled by a factor of 2 to
compare with the NALA results.

The difference in scattering between the NALA solution and
pure water results in a shift of the main water diffraction peak
to smallerQ, resulting in a ripple rather than a flat baseline,
while the curve for NAQA appears flat in this regiéh3It is

. Chem.
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Figure 4. (a) Comparison of ISIS and HFBR experimental excess
scattering curvedexes(Q), in the region of the main water diffraction
peak for NALA. The comparison shows that there is reasonable
quantitative agreement between the HFBR and SANDALS experimental
curves for NALA. (b) Comparison of the HFBR and simulatgges{Q)

for NALA and NAQA. The comparison shows there is reasonable
quantitative agreement between simulation and the HFBR data for
NALA but only qualitative agreement between experiment and simula-
tion for NAQA.

showed that the scattering for isobutanol also had a shift in the
region of the water ring, while the main scattering peak for
NAGA did not shift. This provided confirmation that the shift

of the main water diffraction peak to smaller angle was due to
the hydrophobic character of the NALA side chain and not the
backbone. Note that the small angle agreement is poor, and we
return to this point below when we discuss the simulations.

To interpret these experiments, molecular dynamics simula-
tions were used to reproduce the measured scattering intensity
and subsequently to analyze the molecular origin of the observed
effect. The scattering intensity from an aqueous solution may
be represented as a sum of intensities

Isolutior(Q) = Isolut&solut(.(Q) + Isolut&water(Q) +
Iwater—water(Q) + Iintra(Q) (9)

The first three terms in eq 9 arise from intermolecular correla-

evident that the simulation data are in quite reasonable quantita—tions: and the last term refers to scattering interference between

tive agreement in the region of the water ring (1.5tA4& Q <

2.5 A1) with the neutron data for NALA, less so for NAQA,
but exhibits the correct qualitative trends between NALA and
NAQA. A set of control experiments to evaluate the scattering
intensity for solutions of isobutanol (model NALA side chain)
andN-acetyl-glycine-amide (NAGA, model NALA backbone)

atoms on the same molecule. The neutron scattering contribution
of each of the terms can be written as a sum of weighted
structure factorsH(Q)

Q) = ZZC?‘ oy b by HMQ) (10)
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where

HQ) = 4mp [T gr) — 1F-=—=dr  (11)

Q

andX andY correspond to solute or water, the indieeandf

refer to sums over atoms within a given molecylés the atomic
density g(r) is the radial distribution functiorg is the atomic
fraction, andb is the scattering length for an atom in the solute
or solvent molecule. The experiments can be simulated by
evaluating all radial distribution functiongﬁ@(r), and ana-
lyzed by grouping them into intramolecular and intermolecular
contributions as in eq 9.

Simulation of the small-angle region is limited by both our
simulation box size (which is valid fo® > 0.25 A1) and
adequate sampling over the full radial separation between all
molecular centers in water. This is problematic for the setute
solute correlations, where the effective size of an individual
solute is 5.8-7.0 A. This accounts for the differences between
experiment and simulation in the small-angle region, although
in the next section we show how to interpret these differences
in order to determine what are the leucine centers correlation
in water.

A molecular dynamics simulation ofsinglesolute in water
was used to evaluate watewater goo(r), gon(r), and gun(r)
and solute-water gox(r) and gux(r) (where X is an atom of
the solute) correlation functions to evaludigierwate(Q) and
Isolute-wate(Q), €9s 9-11. The scattering length appropriate to

sin(Qr)
r

deuterium is used to describe heavy water and all exchangeable

hydrogens on the solute to match the experimental conditions.
We use AMBER parametefisto describe a single amino acid

in solution with enough SP® water molecules to give the
correct density. Further details of the simulation protocol is
described elsewhefe”> 77 lgoute-wate( Q) andlywaterwate Q) Were
multiplied by a factor of 4.56 and 2.60 for NALA and NAQA,

a
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Figure 5. Simulated individual contributions @yc.s£{Q) for (a) NALA
and (b) NAQA. The atomic simulations of solutsolute and solute

respectively, to account for differences in the concentration of water correlations show that they are not significant contributors in
solute molecules between the simulated and experimentalthe region 1.5 A* < Q < 2.5 A* at the experimental concentrations.

conditions3*~38 An independent simulation of pure water using

512 SPC water molecules was performed in order to generate

the excess scattering differences.

To estimate the solutesolute correlations in water in the
region of the water ring, we simulated 27 leucines and
glutamines confined to a box 30 A on edgéthout water to
evaluate all radial distributions functions between all solute

Intramolecular effects are also flat in this region. Essentially, the water
water correlations dominate the perturbation of the water ring, and this
perturbation is attributable to alterations of the hydration shell around
the hydrophobic amino acid.

are no significant effects from either solut@ater correlations
or from hydrogen-bonding configurations between solutes. It
is evident that the wateiwater correlations are the dominant

atomic pairs. This estimate takes into account the possible effectscontributor to the water ring signature for NALA, and therefore,
due to the smaller length scale and intersolute interactions, suchfhe structural reorganization of water shifts the main water

as the formation of a solutesolute hydrogen bond, which might
contribute to scattering in the water ring region. To obtain the
contribution from intramolecular correlations to the scattered
intensity for NALA and NAQA, the spherically averaged square
of the molecular structure factor was calculated as

sinQr,

FAQ)= b.b—
(Q) ZZ a~b Qrab

whereryy, is the distance between two atoms within one solute
molecule3* The average was taken over a published library of
molecular conformations for amino acids in proteins, weighting
each one by its probability of occurrente’®

Figure 5 shows the individual contributions tgxes£{Q)
resulting from atomic simulations of solutsolute, solute
water, changes in watewater correlations between solution

12)

diffraction peak to smalle®.3® The curve for NAQA appears
flat in this region and implies its hydration shell is largely
equivalent in structure to that of the pure water background that
has been subtracted.

We also used the MD simulations to provide insight into the
molecular origin of the observed shift. A measure of hydration
structure in terms of many-body functions is provided by the
enumeration of non-short-circuited hydrogen bond pathways
(defined by an energy or geometry criteria) in an associated
liquid such as watet3:36.79.80The distribution function of water
polygon sizes around the solutes is used to quantify differences
in the organization of water around NALA and NAQA amino
acids. Polygon distributions in different regions near the two
solutes are displayed in Figure By in these figures refers to
the absolute number of polygons of each size: triandhg} (
quadrilaterals B4), pentagons Ks), etc, counted over 2000
snapshots, except fép, which corresponds to the number of

and pure water, and calculated intramolecular scattering. At thesnapshots when no polygon of any size is found. The numbers

experimental concentrations-{ NALA to 100 waters), there

next to the bar labels for NALA and NAQA indicate how many
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Figure 6. Polygon distribution functions of water generated near the
(a) side chain, and (b) backbone of NALA and NAQHAydrogen bonds
were defined by an energy cuto¥,, to be below—3.0 kcal/mol.Py
corresponds to the number of snapshots in which no polygon is found.
Ps is the number of pentagonBs the number of hexagons, etc. The
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generated for pentagonal hydrogen-bonded rings show less
puckering near the hydrophobic side chain. The greater number
of more planar pentagons of hydration waters near the hydro-
phobic side chain of NALA is therefore consistent with the shift
in the measured diffraction peak to a larger effective Bragg
spacing, comparable to changes when transitioning from liquid
to ice36

The room-temperature scattering intensity difference between
aqueous NALA solutions and pure water is similar to reported
measured differences between ambient and supercooled wa-
ter89.70The measured shift of the main diffraction peak for the
hydrophobic solutions is-0.05 A%, which corresponds roughly
to a decrease of temperature+®—10 °C for the pure water
liquid. Various structural interpretations of the shift in the main
diffraction peak as water is supercooled have been put
forward81-85 |t has been suggested that the origin of the
divergence in the temperature dependence—d6 °C for
supercooled water is due to a water network structure that favors
the formation of larger, bulky polyhedra as the temperature is
cooled$384or polyhedral faces that are pentagons in particiar.
Similarly, hydrophobic groups may also be enclosed by similar
polyhedral networks of water molecules. It has been hypoth-
esized that the hydrophobic groups experience a water-induced
mean attraction to maximize ideal hydrogen bonding sites
between water ring pentagonal faces of the polyhedra, thereby
providing a structural explanation for the thermodynamic driving
force of hydrophobic attractiof:3*While we have made some
definitive connection between the important role of pentagons
in hydrophobic phenomena, the water structure connection
between hydrophobic association and supercooled water remains
unresolved.

Evidence for Hydration Forces between Hydrophobic
Amino Acids in Water

Alterations in the water structure around hydrophobic solutes
is commonly thought to give rise to the unfavorable entropy at
room temperature that is a key signature of the hydrophobic
effect” There has been much research devoted to understanding

number in the legend corresponds to how many vertexes on averagehydrophobic phenomena in particular, and the consequences that

were used to generate the polygon distributions.

waters are present in any given region. Hydrogen bonds were

defined by an energy cutoff/;, to be below—3.0 kcal/mol.

A comparison of parts a and b of Figure 6 shows that
structural differences between hydration shells around NALA
and NAQA reside near the side chains and not their peptide

backbones, consistent with the experimental observation of a

shift of the main diffraction peak for isobutanol but not NAGA.
In Figure 6a, the NALA side chain is seen to have a more
ordered hydration shell, sind® is nearly half that calculated
for NAQA, and clearly, pentagons are an important feature of
the polygon distribution around the NALA side chain. The idea

that pentagons play a special role in enclosing the solute, similar
to the role that pentagons play in fullerenes when compared to

carbon sheets, gives topological justification for the importance
and qualitative validity of clathrate analogies for describing
hydrophobic hydratios3

The shift seen in the case of NALA is qualitatively analogous
to the change in effective Bragg spacing observed in X-ray
scattering when going from liquid water8.1 A) to hexagonal
ice (~3.9 A). The expanded hydrogen-bonded network in ice
is due to a dominance of hexagonal rings, which gives way in
the liquid to both smaller and larger ring sizes, with greater
distortion of these rings, so that the effective Bragg spacing in
liquid water decreases. We find that dihedral angle distributions

hydrophobicity might play in the folding of real proteins have
been made cledr!®23 The question is still open, however, as
to whether restructuring of the solvent within the hydration shell
of hydrophobic residues results in significant thermodynamic
forces between amino acids in a protein. The estimation of the
range and magnitude of microscopic hydration forces, and its
connection to water structure, requires the development of an
approach that is sensitive to both water structure and any
thermodynamic forces present due to hydration. We show in
this section that the same combination of neutron scattering
experiments and simulatiotfs38 that revealed restructuring of
solvent within the hydration shell of the NALA solute also
provides evidence for longer-ranged hydration forces on the
microscopic scale of the NALA amino acid.

Conceptually, we want to isolatRote-solud Q) from the
experimentally measured scattering functightiodQ) in eq 9.
We then determine a modgy(r) that best reproduces this excess
signal,lsolute-solutd Q). ONcegy(r) is determined, it can be related
to hydration forces through

g (r) — e—W(r)/kBT
C

(13)
whereW(r) is the “potential of mean force” between the two
solutes separated by a distance.e., W(r) is a reduced free
energy in which the explicit solvent configurations have been
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integrated out and all orientations and conformations of the two  We now manipulatey,"(r) in eq 14 to separate the uncor-
solute molecules have been spherically averaged. The impor-related and correlated contributions and transforr® tspace:
tance ofg(r), which in turn definesMr), is that it describes
the net correlations between solute pairs that implicitly account
for the solvent environment.

In the solution scattering experiments we have repotted,
the mole fraction of solute is quite small. We chose to work at The more realistic estimates of the uncorrelated quantities, i.e.,
these dilute concentrations, since we are trying to characterizewater correlations arising from a collection of uncorrelated
hydration forces that are operative in early protein folding when NALA-shaped holes, can be subtracted from the experimental
the local concentration of amino acids is relatively dilute and data to isolate an experimental signal that is due to the correlated
residues are well-hydrated. However, the relative weight of all quantities, the second term in eq 17.
water—water contributions to the scattering intensity compared  Equivalently, we propose to isolate an experimental signal
to solute-solute contributions is about 5000:1, which means due to the correlated NALA solutelsoiute-solutd Q), by subtract-
the direct observation of solutesolute correlations is not  ing Isimulated Q)
possible because of the weak signal-to-noise ratio of solution
scattering experiments. lsimuaied Q) = lsotute-watel Q) T lwaterwatel Q) T

Nonetheless, the scattering from water itself should allow the lintra(Q) — Kloure watefQ) (18)
characterization of solute correlations in solution. That is because
the solutes introduce new length scales into the water correla-from leces(Q) obtained from the neutron scattering experiments.
tions that are due to their size, shape, and interactions. While The remaining signal
the concentration of such correlated “holes” is still small, they
are seen in the greater scattering contrast of water relative to lorrelated Q) = lexcestQ) — lsimuiated Q) (19)
the NALA solute (-36:1) after unwanted bulk water and water
solute correlations are removed. The solgelute correlations ~ arises from the scattering of water molecules excluded from
are in fact directly related to the excluded volume effect seen the solute regions where the solutes themselves are correlated
in the water correlations. Our recent work gives formal reasoning in some way. Therefore, the intensity defined in eq 19 arises
on how to isolate solutesolute correlations in water and from the correlated term in eq 17, and modglr)’'s can be
provides results for NALA correlations in solutidh. used to fit the remaining signal.

We start with an analysis of a recently proposed “uniform  Figure 7a showsexces(Q) from the ISIS experiment along
fluid” pair correlation function for the hydrogerhydrogen (HH) with lsimuiated Q). The simulated results were offset by a factor
correlations of water molecules that are excluded from a equal to the sum of the squares of the scattering lengths for all
collection ofsphericalhole$® NALA atoms, the theoretical limit for scattering at high (In
ref 33, an incorrect scattering limit was used to put the simulated
and integral equation results on the same scale as the experiment
for NALA. The correct offset has been used in Figure 4a of
V\21 the present paper.) Figure 7b exhibits the difference between
(_P) = fdu g.(r—u) gHH(u) (14) the experimental curve and the simulated cufygyeiaedQ),

V] v P ot o <

p which is nonzero over the range 0.25A< Q < 1.25 A1,
The importance of Figure 7b is that it represents the excess
signal due solely to solutesolute correlations in aqueous
solution. The next step is to determine the formge() that

HH ~y _ qHH _ Kp -2 Kp 2 H
Hu (Q) - Huncorr(Q) +1{1 V; V; Sj (Q) HC(Q) (17)

V|2 V, V,
g = (1 - Vp) [l - va + Vp g (n) +

whereV is the total system volumey, is the total volume
occupied by the solutesy, is the volume occupied by an
individual solutegc(r) is the radial distribution function for the reproducescorenedQ) in Figure 7b.

H . . . - .
solute centers, a“!!E' (r) is the solute internal radial distribu- In what follows we consider three qualitatively distinct solute
tion function. Equation 14 can be further manipulated to isolate qpiers pair correlation functionge(r): gas, cluster, and

the sqlute. centers pair correlation funct?(gb(r), which. i's. aqueous. While the entire space of sotelute g(r)'s has
espemally_lmportantmthe small-angle reglon._Assum_e initially ot been exhaustively explored, we argue that all physically
that there is an ideal gas of solute molecules in solution so that y,tivated gdr)’s have been considered with these three
9(r) = 1 for all r. Equation 17 then reduces to hypothetical functions; they in fact have qualitatively different
V.\-2 VAYERY/ peak positions. Once the qualitatively distinct soltgelute
gmon(r) = (1 — vp) [(1 p) +-P g;'H(r)] 15) correlation functions are thus “enumerated”, further constraints

v on the values of peak positions and peak heights are imposed

and when eq 15 is transformed @space, the result is by th_e (approximate_ly) knovyn solute and water digmeters, the
density of solutes in solution, and constraints imposed by

—2V lcorrelated Q) itself.
HEanon(Q) = (1 - vp) Vp $H(Q) (16) Figure 8a shows the three qualitatively different examples
of g¢(r). The first is a gas of Lennard-Jones spheres. The second

The simulations discussed in the previous section describe themodelg.(r) is meant to exhibit ordering of NALA molecules
changes in the intermolecular pair correlations of water due to as a cluster or liquid, with peak positionsat2o, 30, etc. The
the presence asnesolute, and they therefore include informa-  final form of gc(r) that we consider is one that provides for
tion about length scales in the watewater correlations due to  positive correlations of NALA molecules at contact and
independentr uncorrelatedholes in watef® This is exactly separated by one or more water lay&r$?2 The presence of a
the information contained in egs 15 and 16. We can easily solvent-separated minimum or minima implies that hydrophobic
determineSf;H(Q) from a simulation of a single NALA in solutes in water are correlated over longer distances rather than
water and do not have to assume that NALA is spherical in arising from reducing exposed surface area (i.e., only being
shape. stabilized at contact). Figure 8b shows a comparison of the
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Figure 7. (a) ISIS neutron scattering data for a 0.5 M solution of Figure 8. (a) Modelge(r)'s describing gas, cluster, and aqueous forms

NALA in D ;O (solid line) and the simulated contributions from water ~ of NALA correlations in water. The gas-phaggr) corresponds to a

water, water-solute, and intramolecular scattering (squar€sp data Lennard-Jones interaction between solute molecules represented as

are in units of barns/steradian per solute molecule. (b) Experimental spheres ofr = 5.0 A with € = 1.6 kcal/mol. The clusteg(r) is the

signal due to solutesolute correlationsleoreiaedQ), that is obtained same as the gas phase except for a second peak positian ahe

by subtracting the two curves in (a). The modgl) that reproduces aqueous model aiy(r) is the same as the gas but has peak positions at

this curve describe the length scales of the NALA correlations in water. Osolute + Owarer (D) Comparison of the excess experimental signal with
the simulated solutesolute scattering derived from the various models

excess experimental signal due to sokgelute correlations and ~ ©f %(1) shown in () The comparison emphasizes that the gas and

- . cluster forms ofg.(r) are probably not viable representations of the
the simulated scattering for the gas, cluster, and aqueous modelgy e-solute correlations. The aqueous form is clearly in good
of ge(r). Neither the gas nor cluster forms reproduce the full agreement with the excess experimental signal.

range of experimental signal considered (0.28 A Q < 1.25

A, . . . strongly weighted in the libraf§ of protein structures. We plan
While the agreement is not perfect, especially at the smallestto do more careful experiments on a small-angle diffractometer

angles considered, the aqueous formggf) is a much better  in the future to help us better resolgces(Q) for Q < 0.25
description of correlateQ) than either gas or cluster forms. While  A-1,

errors arising from the use of empirical force fields will always

be an uncertainty, we have some confidence in the solutter Aqueous Solvation for Concentrated Solutions of

and water-water correlano_ns obFalned from simulation, since Hydrophobic Amino Acids

we have shown that the simulations can reproduce the NALA

experiment in the region 1.5A < Q < 3.0 A~ with reasonable The solution scattering studies described in the previous two
quantitative agreemeft:36 Another possible source of erroris  sections constitute a model of the solvation structure and free
the solute-water correlations, which may change from that energy of amino acid association during early protein folding
calculated for a single solute in water, when the solutes events. Solution scattering experiments and simulations can also
themselves are in contact and/or solvent-separated. We havée used to probe solvation forces for more concentrated aqueous
simulated the intensity contribution from soluteater correla- solutions of hydrophobic solutes to mimic later folding stages
tions arising when two NALA molecules are in contact and when a significant fraction of the amino acids are sequestered
found no significant changes. Another potential error is that the into a hydrophobic core. In this section, agueous solution X-ray
intramolecular scattering is evaluated from a rotamer library scattering experiments and molecular dynamics simulations of
based on globular proteins and may have different weights of concentrated solutions of NALMA are examined to characterize
side chain conformers than that exhibited in solution. We do the solute distributions in water and to directly address what
not consider this to be in significant error, since protein surface hydrophobic length scales are important in the later stages of
residues, with side chains extending into solvent, would be protein folding3®



60.0 " . T T T NPT ensemble, while our simulations were performed in the
(8 NVTensemble. However, considerations of the mechanisms of
. how these solute configurations are reached are not important
for this experiment. What is important is determining the final
configurations of solutes that reproduce the static experimental

500 — 1:25
&——= 1:50

L w3t water
0o observable.
& We have focused therefore on what we believe is a repre-
30.0 | . . e . P
= sentative diversity in the possible distributions of solutes seen
experimentally. First, we consider a fully dispersed and hydrated
200 - configuration of NALMA molecules in water at concentrations
; of solute to water of 1:24 and 1:48. To prepare a dispersed
100 | o . configuration, a gas-phase simulation using the standard AM-
. BER'3 energy function with 15 NALMAs in a box-25 A on
0.0 . , , \ \ edge was performed as described above but with all electrostatic
> o " 0/1 'is\“‘ 20 25 3.0 interactions made repulsive by making all partial charges the

) o ) same sign. Three separate gas-phase simulations were run for

it soluions al concentrations of souts fo water o 1:25 and 1.50, L0 PS €ach and then quenched, generating three uncorrelated

The data have been scaled to the pure water scattering data of NishikawasnapShOtS OT solute conflguratlons_ n WhICh the NALMAs were

and Kitagawd? maximally dispersed. These configurations were overlayed on
a configuration of pure SP€water in the same size box, and

X-ray scattering intensities for pure water and aqueous waters overlapping the e>_<c|uded_vo|ume of the solute_s were
solutions were measured with a rotating anode source anddéleted. These three maximally dispersed NALMA configura-
recorded using an R-AXIS-IV image plate camera routinely used tions in water were each equilibrated for 30 ps and radial
for protein crystallography experiments. Ten minute exposures distribution fu_nctlon statistics accumulated over an add|_t|onal
were required for the entir® range of interest (0.3 & < Q _30 ps. The simulations were kept sh(_th in or_der to realize an
< 3.0 A1), A circular integration code converts the raw detector Intensity curve that represented maximally dispersed solutes;
image into a radial intensity curve, and the scattering curve is the three sets of radial dlstr!bunon functions were then averaged
then corrected for absorption, for small variations in sample together to give the fully dispersed results.
thickness, for the flat-plate detector geometry, and for polariza- A second class of solute configuration is the formation of
tion. Background scattering by air and the Kapton windows is small molecular aggregates of solutes that range from mono-
obtained from measurements on an empty cell and subtracteddispersed to clusters containing roughly four to six NALMAs
from the experimental curves for each sample. Since the resultsin the most concentrated solutions. Concentration ratios of solute
of our pure water scattering experiments correspond very well to water considered were in the range 1:24 to 1:100. For the
with those of Nishikawa and Kitagawawe can use their curves  1:24 simulation, the solute preparation involved starting from
to place our scattering on an absolute scale. We plan to reporta lattice configuration with 27 solutes in a box 25 A on edge
these data and more extensive experimental protocol in a futureand deleting 12 sites at random to leave 15 in the box. This
publication3® configuration was overlayed on a box of SPC water of the same

Figure 9 displays the X-ray solution scattering measurementsSize, deleting overlapping waters, and a very long equilibration
for NALMA in water at concentration ratios of solute to water phase of 400 ps was run during which NALMAs were found
of 1:50 and 1:25, along with the curve for pure water. The X-ray both isolated and aggregated into small clusters of sizes ranging
curve for the more dilute concentrations is dominated by the from two to six. A subsequent 150 ps of statistics was run to
main X-ray diffraction peak of water at room temperatur@at  collect g(r)’'s and to generate the intensity curve for small
~ 2.0 A1 However, at a concentration of 1:50, a new feature molecular aggregates.
appears a@ ~ 0.8 A~ and develops into a peak at the saturated  Finally, we consider the case that all NALMAs are configured
concentration of 1:25. Clearly, the new diffraction peak arises into one cluster for concentrations of 1:24 and 1:47. The 1:24
because of the presence of NALMA, but what is surprising is solute configurations were generated by a gas-phase simulation
that the peak position shifts negligibly at the two measured of 15 NALMAs in a box 25 A on edge, but in this case the
concentrations, indicating that the new effective length scale solute-solute interactions were artificially enhanced by increas-
represents a stable soluteolute configuration. In effect, the  ing thee parameter of the Lennard-Jones function for the C
peak atQ ~ 0.8 A1 reflects the formation of a fluid, but  carbon of the NALMA side chain. This gas-phase simulation
ordered, phase, the amount of which depends on the total solutewas run for 20 ps and quenched at the end, generating a solute
concentration but whose internal structure is not sensitive to configuration in which the NALMAs formed a cylinder with a
solute concentration. well-packed hydrophobic core. We also ran a similar gas-phase

We can use molecular dynamics simulations to interpret this simulation with 18 NALMAs in a box 31 A on edge for
new experimental feature & ~ 0.8 A~L It is important to simulating a larger cluster at a concentration of 1:47. Each of
emphasize that we are unlikely to simulate the time progressionthese configurations was overlayed on a configuration of pure
involved in the formation of solute distributions seen experi- water in box sizes 25 and 31 A on edge, respectively, and waters
mentally, as this would require molecular dynamics simulations overlapping the excluded volume of the solutes were deleted.
over very long time scales, and/or proper ensembles, to reachShort simulations (to preserve the character of the initial
the final equilibrated distribution of solutes. For example, the configuration) of 75 ps equilibration and 75 ps statistics were
simulation of the time progression of the formation of one large run to generate an X-ray intensity curve representative of fully
cluster might occur because of a single cooperative event, suchclustered NALMA's. A simulation of a smaller cluster at a
as a large density fluctuation preceding a strong dewetting concentration of 1:47 was also run in a fashion similar to the
transition?! Such phenomena would be best simulated in the 1:24 simulation.
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(b) 60.0 Figure 11. Comparison of experiment and simulation for different
) ' ' ) " ' solute configurations at the most concentrated value of solute to water

of ~1:25. It is clear that the data are best reproduced by either fully
dispersed or small clusters of NALMA, while the single cluster
NALMA configurations are qualitatively inconsistent with experimental
results.

—— 1:24 Aggregates
50.0 - #—@ 1:47 Aggregates
& water

400
that the simulations do not distinguish between the maximally
& 00| dispersed and small molecular aggregate configurations but that
= both resulting intensity curves are well differentiated from the
intensity arising from a large NALMA cluster in water. More
200 | importantly, a comparison of the simulated data with Figure 9
shows that the concentration dependence seen experimentally
100 | e is best reproduced by simulation for configurations of NALMA
D in which the solutes are maximally dispersed or involve small
0.0 : . . . . molecular clusters on the order of two to six NALMAs. When
0.0 0.5 I S 25 3.0 considering the single cluster data (Figure 10c), the scattering
predicted for the smallest single cluster is too sharply defined
(c) 60.0 . . . . . and slightly shifted to a smallgp value. This gets worse for
the larger-sized cluster (which is simulated in a larger box and
so0 | 124 Cluster -y 1 is therefore more dilute) where there is a significant shift to
@@ 1:47 Small Cluster
&— 1:47 Big Cluster smallerQ. _ _ _
““““““““““ : It is clear from Figures 10 and 11 that the simulations
400 : )
reproduce the same trends as a function of concentration as that
—_ from experiment when NALMA'’s are configured as fully
g 300 dispersed or molecular aggregate configurations. However, we
find that the simulated SPC X-ray scattering intensity for pure
200 | water does not adequately reproduce our experimental data
curve. Preliminary analysis seems to suggest that SPC is
100 b “understructured” in that the position of the main water
e diffraction peak is at 2.07 Al instead of the experimental value
. . . ‘ ' of 2.0 A-%. We find that other water models that have a more
0050 0.5 1.0 1.5 2.0 2.5 3.0 structured go(r), in particular, better reproduce our experimental
Q/A™ scattering on pure watéf. Similarly, our simulated solution

Figure 10. (a) Simulated X-ray scattering intensity curves for pure scattering measurements tend to be “overstructured” in that the
water and NALMA in water at concentrations of solute to water of solute induces too large a shift of the main water diffraction

1:2|4 la't‘dd 147, Wl')th thALMAls n:)agmallytd:js)p(ersed. Tt?e. da_tat aré peak to smaller angle, possibly overemphasizing a more open
calculated on an absolute scale. (b) Simulated X-ray scattering intensity, oo network when hydrophobic groups are present. Further

curves for pure water and NALMA in water at concentrations of 1:24 | Ivsis of the simulati d . b
and 1:47, with NALMAs configured as a distribution of small molecular structural analysis of the simulations and experiment must be

aggregates. (c) Simulated X-ray scattering intensity curves for pure considered before such conclusions can be firmly nfade.
water and NALMA in water at concentrations of 1:24 and 1:47, with  Ultimately, existing protein and water force fields can be tested
NALMAs configured as a single cluster. and modified when necessary, until the simulated neutron and
X-ray scattering profiles quantitatively reproduce experimental
Parts a, b, and ¢ of Figure 10 shows the intensity curves results for a large variety of biologically relevant solutes in
derived from the simulations of the fully dispersed, small water.
molecular aggregates, and single cluster simulations of NALMA  Our experimental and simulated solution scattering experi-
solutes in water as a function of concentration, respectively. ments support a view that small hydrophobic domains are
Figure 11 superimposes the simulations and experiment for theobserved and therefore sustained in preference to large clusters
concentration of NALMA to water of 1:24, in which the for highly concentrated solutions of NALMA in water. This
observed feature @ ~ 0.8 A1 is most developed. We find  result should be extendible to real proteins, which are never
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purely hydrophobic. Large hydrophobic clusters would be being stabilized. Presumably the interactions that arise due to
observed if purely hydrophobic groups in water were considered the complexity of the hydrophilic and hydrophobic character
at these high levels of concentratirThe fact that large clusters ~ of the molecular protein sequence are equally important,
do not form emphasizes that protein folding and stability complexity that is often ignored with an assumption that purely
involves a detailed accounting of the complex hydrophilic and hydrophobic effects dominate.

hydrophobic character of the protein backbone and side chains More careful solution scattering experiments in the small-
and balances a milieu of other interactions such as van derangle region are currently planned in order to resolve selute
Waals, electrostatics, and amino acid side chain, and backbonesolute correlations, their length scales, and thermodynamic
conformational entropy costs, all of which compete on nanom- consequences for amino acids other than NALA. Ultimately,

eter length scalek®10.20.22 the derived potentials of mean force, or “implicit” hydration
potentials, could be interfaced with empirical protein force fields
Conclusions and Future Directions to be broadly used in computational studies of protein structure

L . . . prediction and folding. Using the hydration potentials of mean
It is widely appreciated that hydration forces are essential force glone will clearly make exhaustive searches more feasible
for protein stability, and they are also expected to play an han with fully explicit models, while their greater complexity
important role in how qwck_ly proteins fold to the correct native comparison to lattice models might address important
structure. The 36-me.r lattice m.odel exa}mlrjed in ref 39 is far questions regarding more specific requirements for folding.
from the complex reality of genuine proteins in aqueous_solve_nt, During later stages of these simulated pathways we might
but it possesses some of the essential features of protelnfold!ngusefu”y introduce the more detailed protein force fields to
such as a unique ground state and a large set of possibleyyide a tertiary structure prediction with atomic resolution.
conformations. By studying a lattice model that is closely related * oy analysis of solution scattering experiments on individual
to many previous models with well-characterized kinetics and 4ming acids in water indicates that hydration structure around
thermodynamics from over 20 years of studies, we have shownya| A is more ordered than water near NAQA, while the
thatllncorpgratlon of many-bodied solvation forces Igads to faster hydration water near their backbones is less ordered and largely
fold!ng, unique native states, and a more cooperative two-?tateequivalent between the two amino acids. The special role played
folding tranS|t|(_)n. This lends support to the view that hydratlo_n by pentagons near the hydrophobic leucine side chain provides
forces are an important source of cooperativity in the protein qajitative support for clathrate analogies, especially their
folding transition. Our results indicate that the introduction of topological role in enclosing hydrophobic solutes. The altered
physically motivated solvation terms can improve the poor pyqration structure near the leucine side chain, characterized
performance of two-flavor lattice models, since the multibodied by highly connected water vertexes forming rings that are
nature of hydration mimics amino acid diversity, which in turn - yominated by planar pentagons in particular, extends roughly
gives rise to a more cooperative folding transition, unique 4y solvation shells from the solute surface. This structural
ground states, and faster foldiffgWe are currently extending  persistence length suggests thab leucine peptides in water
our folding studies to off-lattice simulatiotfsand investigations  ~4,1d sense each other's presence at a minimum distance of

that incorporate spatially long-ranged hydration forces into 50yt 10 A and could possibly entropically drive hydrophobic
various protein folding models. _ ~ association over larger distances, since the two hydration shells

Our conclusion that a simple lattice model of protein folding  confine water between them and further order the intervening
can be improved with a more detailed description of solvation py|k.

forces motivates further research into the experimental charac- The characterization of the range and magnitude of hydration
terization of the solvation forces present between amino acid forces between individual amino acid side chains, and the
residues. In particular we have subtracted from a neutron connection to water structure, is a step toward defining the role
solution scattering signal simulated quantities that describe of hydration in protein folding. We view the solution scattering
uncorrelated NALA solutes in water, to leave an excess signal experiments and simulations as a model systems approach
that contains information about the correlated solutes in water similar to the determination of isolated secondary structure
at dilute concentration. Various model pair distribution functions glements that might serve as folding intermediates but in the
for NALA molecules, i.e.., gas, cluster, and aqueous forms of reaim of hydration forces for solutes with full amino acid
9e(r), were tested for their ability to reproduce this excess complexity. An especially important future direction for us is
experimental signal. We have found that the excess experimentakg extend our simulation and solution scattering experiments to
signal is adequate enough to rule out gas and cluster pairpolypeptide chains, to introduce the consequences of confor-
correlation functions. The aqueous formgofr) that exhibits a  mational entropy for model hydration intermediates in protein
solvent-separated minimum, and possibly longer-ranged cor-fo|ding. Given our rather extensive understanding of NALA
relations as well, is not only physically sound but reproduces amino acids in water as a function of concentration, influences

the experimental data reasonably well. The NALA scattering of the polypeptide backbone on biologically interesting se-
study at dilute concentration was designed to describe the naturgyuences such as leucine zippers may further this goal.
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